ous exercise is associated with an immediate decrease in endothelial function. Repeated bouts of ischemia followed by reperfusion, known as remote ischemic preconditioning (RIPC), is able to protect the endothelium against ischemia-induced injury beyond the ischemic area. We examined the hypothesis that RIPC prevents the decrease in endothelial function observed after strenuous exercise in healthy men. In a randomized, crossover study, 13 healthy men performed running exercise preceded by RIPC of the lower limbs (4 ϫ 5-min 220-mmHg bilateral occlusion) or a sham intervention (sham; 4 ϫ 5-min 20-mmHg bilateral occlusion). Participants performed a graded maximal treadmill running test, followed by a 5-km time trial (TT). Brachial artery endothelial function was examined before and after RIPC or sham, as well as after the 5-km TT. We measured flowmediated dilation (FMD), an index of endothelium-dependent function, using high-resolution echo-Doppler. We also calculated the shear rate area-under-the-curve (from cuff deflation to peak dilatation; SR AUC). Data are described as mean and 95% confidence intervals. FMD changed by Ͻ0.6% immediately after both ischemic preconditioning (IPC) and sham interventions (P Ͼ 0.30). In the sham trial, FMD changed from 5.1 (4.4 -5.9) to 3.7% (2.6 -4.8) following the 5-km TT (P ϭ 0.02). In the RIPC trial, FMD changed negligibly from 5.4 (4.4 -6.4) post-IPC and 5.7% (4.6 -6.8) post 5-km TT (P ϭ 0.60). Baseline diameter, SR AUC, and time-to-peak diameter were all increased following the 5-km TT (P Ͻ 0.05), but these changes did not influence the IPC-mediated maintenance of FMD. In conclusion, these data indicate that strenuous lower-limb exercise results in an acute decrease in brachial artery FMD of ϳ1.4% in healthy men. However, we have shown for the first time that prior RIPC of the lower limbs maintains postexercise brachial artery endothelium-dependent function at preexercise levels. exercise performance; endothelial function; cardiovascular risk; exercise training RESEARCHERS EXAMINING the acute effect of exercise on endothelium-dependent dilation have reported conflicting results (10, 16, 34, 48, 52) , which may be at least partly explained by differences in exercise intensity. Recently, we found that highintensity exercise, but not low-intensity exercise, was associated with a significant reduction in upper-limb brachial artery endothelium-dependent function immediately after cycling exercise (9). This is in line with recent observations following running exercise (20). The impact of acute exercise on arterial function is important to examine as Goto et al. (15) found that training performed at different exercise intensities can induce distinct adaptation in vasodilator function, with high-intensity exercise training not leading to improvement in vasodilator function. Although speculative and others have suggested otherwise (35), the presence of a decline in endothelium-dependent function after exercise may relate to the absence of vascular adaptations after high-intensity exercise.
RESEARCHERS EXAMINING the acute effect of exercise on endothelium-dependent dilation have reported conflicting results (10, 16, 34, 48, 52) , which may be at least partly explained by differences in exercise intensity. Recently, we found that highintensity exercise, but not low-intensity exercise, was associated with a significant reduction in upper-limb brachial artery endothelium-dependent function immediately after cycling exercise (9) . This is in line with recent observations following running exercise (20) . The impact of acute exercise on arterial function is important to examine as Goto et al. (15) found that training performed at different exercise intensities can induce distinct adaptation in vasodilator function, with high-intensity exercise training not leading to improvement in vasodilator function. Although speculative and others have suggested otherwise (35) , the presence of a decline in endothelium-dependent function after exercise may relate to the absence of vascular adaptations after high-intensity exercise.
Repeated bouts of ischemia followed by reperfusion, commonly known as ischemic preconditioning (IPC), delays cardiac cell injury (33) and protects against myocardial damage (12) . Studies have also reported that IPC of the upper limbs prevents damage to the endothelium after exposure of the same limb to prolonged ischemia (23) . Moreover, even when IPC is performed on the contralateral upper limb [i.e., remote IPC (RIPC)], brachial artery endothelial dysfunction is prevented after prolonged ischemia (22, 28) . Whether RIPC can also prevent the acute decrease in flow-mediated dilation (FMD) after strenuous, high-intensity exercise is currently unknown. This is of particular importance since previous studies have reported a beneficial effect of IPC on swimming (19) and cycling (7, 11) exercise performance. Therefore, the aim of the present study was to examine the effect of RIPC on brachial artery endothelial function (measured as FMD) after strenuous running in healthy volunteers. We hypothesized that preexercise RIPC would prevent the decrease in endothelium-dependent function typically observed in the brachial artery after strenuous lower-limb exercise.
METHODS

Participants
In a randomized, single-blind, crossover study, 13 healthy moderately trained men (25 Ϯ 6 yr; 176 Ϯ 4 cm; 77 Ϯ 6.9 kg) volunteered to participate. Participants were recreationally active, measured via a self-report questionnaire, and typically engaged in low (e.g., walking) and moderate (e.g., running, stationary cycling) intensity aerobic activities (2 to 3 days/wk). We excluded subjects that performed Ͼ10 h exercise per wk. Based on their medical history, participants did not have any medical problems and were free of medication. Before testing, all participants were informed of the methods of the study, but remained naive to the study rationale. All participants provided providing written informed consent before participation. The study was approved by the Liverpool John Moores University Institutional Ethics Committee and adhered to the Declaration of Helsinki (2000).
testing. Participants reported twice to our laboratory to perform the same testing procedure, which was preceded by four cycles of 5-min bilateral cuff inflation of the lower limbs to 220 mmHg (i.e., RIPC) or to 20 mmHg (i.e., sham). Participants performed a graded maximal running test on a treadmill until voluntary exhaustion. A 45-min supine rest period then ensued. Participants then performed a 5-km running time trial (TT) on a treadmill (after being familiarized with this TT 3 to 4 times before performance of this test). Based on a possible relationship between the magnitude of exercise intensity and decline in brachial artery endothelial function (9, 20) , we included two exercise sessions to provide a strenuous exercise stimulus to result in an acute decline in brachial artery endothelial function. Brachial artery endothelial function was examined before and after the RIPC-or sham-intervention as well as immediately after the 5-km TT (Fig. 1) . The order of testing (IPC vs. sham) was randomized and counterbalanced between participants. Both tests were performed separated by 5-7 days to prevent a possible carryover effect of the acute exercise bout (39) or IPC (28) .
Experimental Measures
Remote ischemic preconditioning. RIPC was performed in the supine position using bilateral arterial occlusion, in line with the methods of de Groot et al. (11) . The automated occlusion cuffs were placed proximally around the upper thigh and inflated to 220 mmHg to block the arterial inflow for 5 min. This ischemic procedure was repeated four times bilaterally, with each ischemic episode separated by 5 min of rest. The sham intervention followed an identical protocol except the cuffs were inflated to 20 mmHg.
Strenuous running exercise. First, participants performed a maximal running test, starting with five stages of 3 min at 10 -14 km/h running speed. These submaximal stages were followed by 2-min stages until volitional exhaustion (increased by 1 km·h Ϫ1 ·2 min Ϫ1 to a maximal running speed of 16 km/h, followed by an incline of the treadmill of 2% per 2 min). Breath-by-breath expired gases were continuously monitored and averaged over the last 15 s upon maximal exhaustion (Oxycon IV, Jaeger, Germany). Heart rate was also continuously measured with a chest strap and monitor (RS800i, Polar, Finland), whereas ratings of perceived exertion (RPE) were measured using Borg's 6 -20 scale. After a 45-min rest in the supine position after completion of the incremental maximal running test (standardized for all participants), a 5-km running TT was performed on a motorized treadmill (Pulsar 4.0, H/P Cosmos, Germany). Participants were instructed to run 5 km as quickly as possible, with running time and speed blinded from the participant. Throughout the TT, participants were allowed to alter the speed of the treadmill. The only information available to the participants during each TT was total distance covered (in m). No further information or encouragement was provided. Heart rate was monitored continuously, with RPE measured at the end of each 1000-m stage. Before being tested, participants received at least three supervised familiarization tests on the same treadmill under comparable conditions as during the test. Data from the 5-km TT are reported elsewhere (1) . These data were added in this paper as supportive data to provide detailed insight of the exercise bout.
Brachial artery endothelial function. Brachial artery endotheliumdependent function was measured using the FMD technique (44) . For this purpose, participants were instructed to abstain from strenuous exercise, caffeine, and alcohol ingestion for 24 h before attending the laboratory. They were also asked to fast for 4 h before each visit. Measurements were performed in the supine position. Baseline assessment was performed after resting for 20 min, followed by assessment of heart rate and blood pressure using an automated sphygmomanometer (GE Pro 300V2, Dinamap, Tampa, FL). This was followed by assessment of brachial artery diameter and velocity. This procedure was repeated immediately after the RIPC or sham intervention as well as immediately after completion of the 5-km TT. The postexercise assessment of the brachial artery FMD was consistently collected within 5-min after cessation of the 5-km TT.
To examine brachial artery FMD, the arm was extended and positioned at an angle of ϳ80°from the torso. A rapid inflation and deflation pneumatic cuff (D. E. Hokanson, Bellevue, WA) was positioned on the forearm, immediately distal to the olecranon process to provide a stimulus to forearm ischemia. A 10-MHz multi-frequency linear array probes, attached to a high-resolution ultrasound machine (T3000; Terason, Burlington, MA), was then used to image the brachial artery in the distal one-third of the upper arm. When an optimal image was obtained, the probe was held stable and the ultrasound parameters were set to optimize the longitudinal, B-mode image of the lumen-arterial wall interface. Settings were identical between all assessments of the FMD. Continuous Doppler velocity assessments were also obtained using the ultrasound and were collected using the lowest possible isonation angle (always Ͻ60°). Following baseline assessments, the forearm cuff was inflated (Ͼ200 mmHg) for 5 min. Diameter and flow recordings resumed 30 s before cuff deflation and continued for 3 min thereafter, in accordance with recent technical specifications (3, 49) .
Brachial Artery Diameter and Blood Flow Analysis
Analysis of brachial artery diameter was performed using customdesigned edge-detection and wall-tracking software, which is largely independent of investigator bias. Recent articles contain detailed descriptions of our analytical approach (3, 49) . From synchronized diameter and velocity data, blood flow (the product of lumen crosssectional area and Doppler velocity) were calculated at 30 Hz. Shear rate (an estimate of shear stress without viscosity) was calculated as four times mean blood velocity/vessel diameter. Reproducibility of diameter measurements using this semiautomated software is significantly better than manual methods, significantly reduces observer error, and possesses an intraobserver coefficient of variation of 6.7% (49) .
Statistics
Statistical analyses were performed using SPSS 17.0 (SPSS, Chicago, IL) software. Our primary outcome was FMD. We deemed it important to control for the influence of moderators of FMD (shear rate and baseline diameter) in the event of these moderators being also influenced by exercise. We therefore analyzed the effects of trial and time on logarithmically transformed diameter changes using a generalized estimating equation that incorporated baseline diameter and shear rate as covariates. As variability in baseline diameter (46) and shear rate (45) (although to a lesser extent) may influence the magnitude of the FMD response, these parameters were included in the statistical analysis as covariates to correct for potential impact following exercise. The resulting mean differences between conditions and time (pre-/postintervention and post-5-km TT) were back transformed to provide an estimate of covariate-controlled FMD (in %). Mean and 95% confidence intervals for the effect magnitudes of brachial artery FMD are cited.
A Students' paired t-test was used to analyze any differences in maximal values at the cessation of the incremental exercise test and 5-km TT performance (time to completion). Additionally, a twofactor general linear method (trial ϫ time) was used to analyze any differences in running speed, heart rate, and RPE throughout the 5-km TT. We examined the potential presence of a trial order influence by examining the interaction effect between the order of testing (as between subjects factor) and the condition effect (as within subjects factor). All exercise data are reported as mean Ϯ SD unless stated otherwise, and statistical significance was assumed at P Ͻ 0.05. Across all analyses, post hoc analysis was performed using the least significant difference method for pairwise multiple comparisons (37, 41) .
RESULTS
Exercise Protocol
All participants completed both exercise protocols. We found negligible and nonsignificant differences between both days in maximal running exercise performance, maximal heart rate, and maximal oxygen consumption during the graded running test (Table 1 ). The 5-km TT was performed in 1,355 Ϯ 146 and 1,321 Ϯ 114 s following the sham intervention and RIPC, respectively (P ϭ 0.027, Table 1 ). This corresponds with a 2.3 Ϯ 3.6% increase in 5-km TT performance. We found no significant interaction effect between the order of testing and the 5-km TT performance (P ϭ 0.46).
Brachial Artery Endothelial Function
Baseline diameter, shear rate area-under-the-curve (from cuff deflation to peak dilatation; SR AUC ), and time-to-peak diameter were all increased following the TT (P Ͻ 0.05). At preintervention, differences in FMD were negligible and nonsignificant between the sham [5.3% (4.5-6)] and RIPC [4.8 (3.6 -5.9)] trials (P Ͼ 0.05). FMD changed by Ͻ0.6% immediately after both the RIPC and sham interventions (P Ͼ 0.30, Table 2 ). In the sham trial, FMD changed from 5.1% (4.4 -5.9) post-sham to 3.7% (2.6 -4.8) following the 5-km TT (P ϭ 0.02), as expected. However, in the RIPC trial, FMD was similar post-IPC and post-5-km TT, with an FMD of 5.4 (4.4 -6.4) and 5.7% (4.6 -6.8) (P ϭ 0.60; Fig. 2 ), respectively. This is reflected in a significant interaction (P ϭ 0.010) between the RIPC and sham trials, whereas IPC had no effect on the change in baseline or peak diameter, time-to-peak diameter, and SR AUC (Table 2) .
DISCUSSION
This study has resulted in several important findings. We found that strenuous running exercise is associated with a decrease in brachial artery endothelial function (FMD) by ϳ1.4%, confirming most of the recent observational data in this field (9, 16, 21, 27) . Therefore, using an acute bout of strenuous exercise is a real-life model, we found that IPC of the lower limbs before strenuous running is practically important, since it prevents the exercise-induced decrease in FMD. These findings reveal, for the first time, that the reduction in endothelial function after strenuous exercise can be prevented by a noninvasive and easy applicable intervention in humans.
An important finding of this study is that brachial artery endothelium-dependent function is reduced immediately after strenuous running exercise in healthy, moderately trained individuals. This finding is in agreement with recent data (9, 21) which found that the acute impairment in brachial artery endothelial function is dependent on exercise intensity. These observations suggest that systemic reductions in endothelial function are present immediately after strenuous exercise. A potential explanation for the decrease in endothelium-dependent function may relate to the large and/or sustained increases in shear during the exercise bout that have resulted in an impaired nitric oxide (NO) biosynthesis because of depletion of L-arginine (10) . Also, high-intensity exercise may impair endothelium-dependent vasodilation because of an increase in reactive oxygen species, resulting in a reduction in NO bioavailability (2, 8) . Finally, intense exercise may also activate inflammation markers that may contribute to changes in endothelial function and NO bioavailability (16) . Alternatively, it may be possible that the decrease in FMD relates to repair and potentially training adaptation mechanisms. Recurring periods of exercise-induced endothelial dysfunction may represent a beneficial stimulus that contributes to longer-term improvement of the endothelial function, commonly referred to as "hormesis" (35) . In contrast, a previous well-controlled study Values are means Ϯ SD; n ϭ 13 healthy volunteers. IPC, ischemic preconditioning; RER, respiratory exchange ratio; RPE, rate of perceived exhaustion. P value refers to a paired Student's t-test. 5-km time trial (TT) variable P values refer to 2-way repeated-measures general linear method (data collected every 1 km).
from Goto et al. (15) found that exercise training performed at moderate intensity, but not at high-intensity level, was associated with improvements in vasodilator function. Taken together, it is currently not known whether the acute decrease in endothelial function after strenuous exercise prevents a potentially harmful or beneficial stimulus and should require further research.
A unique and novel finding in our study is that we revealed that the decrease in endothelium-dependent function was abolished when exercise was preceded by IPC. Several previous studies have established that RIPC can prevent endothelial injury of the brachial artery after prolonged periods of ischemia (23, 28, 30) and cardiac damage in clinical groups, as evidenced by smaller increments in ischemic markers (e.g., troponins) and infarct size (4, 5) . In line with these observations, we add the novel observation that IPC protects against the acute decrease in endothelium-dependent function typically observed after strenuous exercise in healthy volunteers.
Our findings raise questions about the potential mechanisms that contribute to the effects of RIPC. While the mechanisms for RIPC are still not completely clear (12) , our finding that IPC applied to the legs can prevent the decrease in brachial artery endothelial function indicates that the effects are systemic rather than localized. A potential explanation relates to the vascular effects of RIPC in the peripheral and coronary circulation. For example, studies in humans (51) and animals (42) demonstrated that IPC of the limbs increased coronary blood velocity. Also in peripheral arteries, it is demonstrated that IPC is associated with vasodilatation of the contralateral brachial artery (13) . Therefore, these strong vascular effects of IPC on distant vessel beds may contribute to our findings. In addition, the protective effects of RIPC against endothelial ischemia-reperfusion injury were attenuated during autonomic ganglion blockade (14, 28) , whereas RIPC is associated with enhancement of parasympathetic activity (13) . The association between RIPC and the autonomic nerve system is of particular importance since exercise is associated with sympathetic activation and inhibition of parasympathetic activity, especially after strenuous exercise (25) . Since activation of the sympathetic nervous system relates to a decrease in brachial artery endothelium-dependent function (18) , the decrease in FMD after strenuous exercise may relate to activation of the sympathetic nerve system (47) . Future studies should further examine whether our findings can be explained through an effect of RIPC on the sympathetic nervous system. Values are presented as means (95% confidence intervals); n ϭ 11 healthy volunteers; 1 subject was missing because of technical problems. Flow-mediated dilation (FMD) values are presented classically (FMD in %change from baseline) and as the corrected values (FMD corrected) for changes in diameter and shear rate area under the curve (SRAUC). Pre, before intervention; Post, after intervention; Drest, diameter at rest; RIPC, remote IPC. P values refer to a generalized estimating equation (effect of time, IPC, and time ⅐ IPC). Post hoc significantly at P Ͻ 0.05 different from *preintervention or #sham. Another mechanism for the protective effects of RIPC in our study relates to the inflammatory response that may be responsible for the decline in FMD immediately after strenuous exercise (16) . Previous studies in humans have demonstrated that an IPC stimulus on the forearm induces leukocyte inflammation gene expression (24) , attenuates systemic neutrophil activation (23) , and alters neutrophil function (43) . These changes in inflammation induced by IPC may protect the endothelium against a decrease in vascular function after strenuous exercise. Alternatively, protection against endothelium-dependent dysfunction after exercise training (15) and acute exercise (20) via IPC may also be mediated through lower levels of oxidative stress during strenuous exercise. Previous studies in animals provided evidence that IPC is able to diminish increased levels of oxidative stress after a period of ischemia (6, 31) . The protection against oxidative stress through IPC may be mediated through improved antioxidative defense mechanisms (e.g., increased superoxide dismutase activity and glutathione peroxidase) and/or lower generation of oxidative stress (e.g., decreased xanthine oxidase activity) (31, 50) . Finally, (R)IPC has well-established effects on the local release of adenosine, which activates neurogenic pathways leading to systemic adenosine-receptor activation (26) . The effect of RIPC on vasodilators, adenosine and bradykinin, may also contribute to the effects of IPC via protection against cellular damage (38) . Despite the absence of a clear mechanistic explanation at this stage, our study is the first to demonstrate in vivo that exercise-associated reduction in endothelium-dependent dilation can be prevented by RIPC.
Another observation in our study was that RIPC before exercise was associated with a performance increase of 2.3% in 5-km run time. This finding is in line with recent studies that found improved cycling or swimming exercise performance when exercise was preceded by IPC (7, 11, 19) . Endothelial function is believed to contribute to blood flow regulation, such as during exercise. Therefore, a decrease in endothelial function may impair blood supply during (strenuous) exercise. Although speculative, prevention of endothelial dysfunction by RIPC may contribute to the effect of IPC on exercise performance.
Limitations
A potential limitation of this study is that we performed a single postexercise FMD assessment only, especially since previous studies revealed a time-dependent decrease in FMD after exercise (9, 39) . However, these studies revealed that the largest decrease in FMD was present immediately after exercise, followed by a rapid normalization of the FMD (9) . As IPC prevented the decrease in FMD immediately after exercise, we believe it unlikely that repeated measurements after exercise would have changed the main findings of our study. Another limitation relates to the performance of an incremental running test preceding the 5-km TT. The reason for including this test is, based on the relation between exercise intensity and decline in FMD, to cause an exercise-induced decrease in FMD. The impact of this exercise bout on the 5-km performance is unclear and may have impacted changes in diameter and shear rate. Moreover, a recent study by Michelsen et al. (32) provided evidence that short bouts of high-intensity exercise (4 ϫ 2 min) elicits a preconditioning effect through a humorally mediated pathway, similar to RIPC. Such a preconditioning effect of highintensity exercise may have impacted our results. However, the type and duration of exercise performed in Michelsen's study is different to our study. Moreover, subjects in our study performed the same exercise protocol on both testing days and, therefore, received the same exercise (preconditioning) stimulus twice (including on the control day that was associated with a decrease in FMD after exercise). Taken together, the incremental exercise has unlikely impacted on the ability of IPC to prevent the decrease in brachial artery endothelial function.
In conclusion, we found that a strenuous running bout is associated with a decrease in brachial artery endothelium-dependent function, which is prevented by RIPC of the lower limbs before strenuous running exercise. These findings support the potential of IPC to prevent the decrease in endothelium-dependent function induced by strenuous exercise in humans in vivo. 
